ABSTRACT: The development of low-cost, high-efficiency, and stable bifunctional electrocatalysts toward the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) is of paramount importance for large-scale water splitting. Here, we develop a new strategy for the first design and synthesis of a NiO@Ni decorated WS 2 nanosheet array on carbon cloth (NiO@Ni/WS 2 /CC) composite. This composite serves as a unique three-dimensional (3D) synergistic electrocatalyst that not only combines the intrinsic properties of individual NiO@ Ni and WS 2 , but also exhibits significantly improved HER and OER activities when compared to that of pure NiO@Ni and WS 2 . This electrocatalyst possesses Pt-like activity for HER and exhibits better OER performance than that for commercial RuO 2 , as well as demonstrating superior long-term durability in alkaline media. Furthermore, it enables an alkaline electrolyzer with a current density of 10 mA cm −2 at a cell voltage as 1.42 V, which is the lowest one among all reported values to date. The excellent performance is mainly attributed to the unique 3D configuration and multicomponent synergies among NiO, Ni, and WS 2 . Our findings provide a new idea to design advanced bifunctional catalysts for water splitting.
■ INTRODUCTION
Developing renewable clean energy is important for addressing the growing energy consumption and environmental pollution. 1 Hydrogen, as a clean fuel with high gravimetric energy density, has aroused wide attention. 2−4 Water electrolysis, including the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), is a sustainable way to produce hydrogen of high purity on a large-scale and store energy from renewable sources. 5−8 Owing to the scarcity and high price, the state-ofthe-art catalysts of the HER (Pt-based noble metals) 9 and OER (Ru-and Ir-based oxides) 10, 11 have not been widely used. Currently, searching for efficient and inexpensive alternative electrocatalysts has been actively pursued. 12 Although many meaningful progresses have been made, 13 most of them ignore the development of bifunctional electrocatalysts for promoting both HER and OER activity.
14 Such bifunctional electrocatalysts have practical application value in that neither different HER or OER catalysts nor additional device integration is needed. 15 The HER and OER catalysts controllably integrated into a single nanostructure is a potential way to design synergetic bifunctional electrocatalysts for both HER and OER in the past few years. 16 Recently, layered transition metal dichalcogenides such as MoS 2 and WS 2 have been demonstrated to catalyze the HER. 17−19 Their graphite-like structures consist of stacked, weakly interacting layers held together by van der Waals interactions to form hexagonal structures. 20, 21 Although MoS 2 is more well-known than WS 2 as an HER catalyst, the WS 2 also exhibits promising HER activities. However, many inherent factors of WS 2 have enormously limited its further applications for electrocatalysis: (1) The low density and reactivity of active sites. (2) Poor electrical transfer and inefficient electrical contact between the substrate and catalyst. 22 ( 3) The limited corrosion stabilityall of the WS 2 applied to HER is in acidic media. (4) The electrocatalytic behavior of WS 2 for OER has been paid less attention. Meanwhile, because of the good electrical conductivity of metal Ni and the synergistic coupling of NiO and Ni, a few NiO@Ni based composites were used as electrocatalysts toward HER or OER. 23−25 As far as we know, the synergetic effects of an NiO@Ni-WS 2 system for overall water splitting has not been reported before, so we believe the combination of NiO@Ni and WS 2 array should be a desirable way to synthesize an active electrocatalysts toward water splitting. 26 Herein, we synthesize a novel electrocatalyst of NiO@Ni decorated WS 2 nanosheet array on carbon cloth (NiO@Ni/ WS 2 /CC) for overall water splitting. WS 2 nanosheet array (WS 2 /CC) was innovatively achieved through the sulfuration of the hydrothermally obtained WO 3 /CC, 27 and then NiO@Ni was coated on WS 2 /CC via electrodeposition of Ni and subsequently thermal oxidation in the oven (see Figure 1 and Methods, see Supporting Information for details). The unique NiO@Ni/WS 2 /CC hybrid exhibits significant enhancement in both HER and OER performance and superior durability. As an HER cathode, it achieves a current density of 10 mA cm −2 at an overpotential of 40 mV, which is comparable to that of commercial Pt/C and superior to many other previously reported catalysts. When used as an OER anode, it only needs an overpotential of 347 mV to drive 50 mA cm −2 , which is much better than that of commercial RuO 2 . Notably, NiO@Ni/ WS 2 /CC affords the current density of 10 mA cm −2 at a voltage of only 1.42 V for alkaline electrolyzer, which is the best performance of two electrodes setup at present as far as we know. The possible multicomponent synergies among NiO, Ni, and WS 2 were systematically analyzed, rendering them simultaneously highly active for the HER and OER. Figure 2A shows the XRD pattern of NiO@Ni/WS 2 /CC; there are six diffraction peaks at 14.4, 33.5, 38.6, 44.4, 48.3, and 60.5°w hich index to the (003), (101), (104), (009), (107), and (1010) planes of WS 2 , respectively (JCPDS 35-0651). 28 The three additional diffraction peaks at 44.5, 51.8, and 76.4°c orresponded to the (111), (200), and (220) of metallic Ni, respectively (JCPDS 65-2865). 29 The NiO peaks are not obvious because the NiO is too thin to be detected. 24 Raman spectra show two characteristic peaks around 356 and 418 cm −1 , which are originated from WS 2 ; 30 meanwhile, five peaks at 528, 590, 702, 818, and 974 cm −1 are attributed to NiO, indicating the existence of NiO in NiO@Ni/WS 2 /CC ( Figure  2B ). 31 The scanning electron microscopy (SEM) images ( Figure S1 ) show that WO 3 nanowires are homogeneously coated on CC. Figure 2C ,D demonstrates that the WO 3 nanowires are all transformed into nanosheets after sulfuration. The thickness and roughness of nanosheets are increasing after coating NiO@Ni on WS 2 /CC ( Figure 2E ,F). The low magnification transmission electron microscopy (TEM) image for one single NiO@Ni/WS 2 nanosheet was displayed in Figure  2G with a length and width of 370 and 80 nm, respectively. The high resolution transmission electron microscopy (HRTEM) image of NiO@Ni/WS 2 ( Figure 2H ) shows two distinguished phases: layered WS 2 and crystallized Ni. The interlayer spacing of 0.613 nm between the stripes of WS 2 can be observed, 32 and the typical interfringe distance of 0.20 nm for Ni is identified. . The surface elemental composition and valence state of the composite are detected by X-ray photoelectron spectroscopy (XPS). The peaks of Ni 2p 3/2 and Ni 2p 1/2 at 855.5 and 873.2 eV are attributed to characteristic features of Ni 2+ , and a weak peak at 852.7 eV corresponds to metallic Ni ( Figure S5A ), suggesting the existence of Ni 2+ and metallic Ni on the surface. 34 The other two peaks at higher binding energies around 860.9 and 879.7 eV are shakeup type peaks of Ni. The O 1s spectrum displays four peaks ( Figure S5B ): the one at 529.5 eV is associated with a Ni−O bonds, and the other three peaks of 531.2, 531.9, and 532.9 eV are usually attributed to the defects and surface substances. 35 The W 4+ reflect in the peaks of 32.8 (W 4f 7/2 ) and 34.9 eV (W 4f 5/2 ) ( Figure S5C ). Another weak peak located at 38.2 eV can be attributed to a W valence higher than +4. Besides the two well-known peaks for S 2p 3/2 and S 2p 1/2 at 162.2 and 163.4 eV ( Figure S5D) , 36 respectively, a new peak at 168.3 eV should be assigned to S 6+ , implying an Figure S6 ), which indicates the electron transfer from Ni to S and a strong interaction between WS 2 and NiO@Ni. 37 The binding energies of W 4f at 32.9, 34.9, and 38.3 eV in NiO@Ni/WS 2 /CC are lower than those in WS 2 /CC (33.0, 35.1, and 38.6 eV), highlighting the interaction between NiO@Ni and WS 2 .
■ RESULTS AND DISCUSSION
Then, we explore the chemical and structural information on NiO@Ni/WS 2 /CC insightfully by X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopy. The XANES spectrum of Ni K-edge for NiO@Ni/WS 2 /CC ( Figure 3A) shows a strong blue line signal at 8350 eV, which belongs to NiO. The signal at 8335 eV represents metal Ni which corresponds to the spectrum of Ni foil.
38 Figure 3B shows the Fourier transforms (FTs) of the EXAFS oscillations obtained at the Ni K-edges; the peak at 1.8 Å corresponds to Ni−O interactions followed by two specific Ni−Ni interactions between 3 and 5 Å. 39 According to FTs of the EXAFS simulation ( Figure 3C and 40 The red line of W L3-edge XANES spectrum for NiO@Ni/WS 2 /CC ( Figure 3D) shows that W has a distorted WO 6 octahedral symmetry. 41 Compared to WS 2 /CC, with analysis by the XPS, the lower W L3 intensity for NiO@Ni/WS 2 /CC indicates the decreasing W valence caused by the electron transference from Ni and NiO to W. 42 The FTs of the EXAFS oscillations obtained W L3 are shown in Figure 3E ; two curves almost overlap, and the R space has not changed, indicating there is no change on the spatial structure of WS 2 in NiO@Ni/WS 2 /CC. Thus, it may be that the WS 2 could act to stabilize the NiO@Ni. 43 There are four peaks of a (∼2471 eV), b (∼2479 eV), c (∼2482 eV), and d (∼2491 eV) in the XANES spectra of sulfur K-edge ( Figure 3F) . 44, 45 It is known that the peak a is generated by the electron transition between S 1s and unoccupied hybridized orbitals of S 3p and W 4f, peaks b and c correspond to the transition to p-like final states. 46 The height of peak c in NiO@Ni/WS 2 /CC is obviously higher than that in WS 2 /CC, and this peak can be assigned to S atoms in the +6 oxidation state (6 + ) due to the similarity with the sharp peak observed in the S K-edge spectrum of ZnSO 4 ·7H 2 O. 47 As mentioned above, the S−O bond should be attributed to the oxidation of S.
The electrochemical HER performances of NiO@Ni/WS 2 / CC, WS 2 /CC, NiO@Ni/CC and commercial Pt/C loaded on CC (20 wt % Pt/XC-72, Pt/C/CC) are evaluated at a scan rate of 5 mV s −1 in 1.0 M KOH ( Figure 4A ). Since the intrinsic behavior of electrocatalysts cannot be fully reflected in the measured reaction currents, iR-correction is performed for all the initial data according to the electrical impedance spectroscopy (EIS) for further analysis. 48 As shown in Figure S7 , the NiO@Ni/WS 2 /CC processes enhanced electrical conductivity when compared to those for pure NiO@Ni/CC and WS 2 /CC. As expected, Pt/C/CC demonstrates excellent HER perform- ance with negligible onset overpotential, and only an overpotential of 36 mV is needed to obtain the current density of 10 mA cm
. The NiO@Ni/WS 2 /CC achieves current densities of 10, 20, and 100 mA cm −2 at overpotentials of 40, 61, and 117 mV, respectively, which displays better higher activities than those reported non-Pt electrocatalysts at present (Table S2) . Furthermore, the performance is very close to that of Pt/C/CC and even exceeds it at large current density ( Figure S8 ). In sharp contrast, the polarization curves of WS 2 / CC and NiO@Ni/CC show inferior HER performance with high onset potentials (183 and 167 mV), and overpotentials of 237 and 170 mV are needed to attain the current density of 20 mA cm −2 , respectively. To verify the effect of different degrees of oxidation on the synergy, we tested the linear sweep voltammetry (LSV) curves of the samples prepared at different oxidation times ( Figure S9) ; besides, NiO/WS 2 /CC is prepared at 200°C for 120 min to ensure the full oxidation of the sample, and we can see clearly that the HER performance of NiO@Ni/WS 2 /CC heated for 30 min is much better than any others, indicating the ratio of NiO and Ni has a significant impact on the electrocatalytic performance. , indicating a significant enhancement in electrochemical performance. The stability of the NiO@Ni/WS 2 /CC is conducted by cyclic voltammogram (CV) measurements. The negligible decay is observed after 1000 cycling tests, suggesting good stability ( Figure 4C ). In addition, the potential required to deliver 10 mA cm −2 is shifted from −0.035 to −0.046 V after 40 h electrolysis according to the long-term electrochemical stability ( Figure 4D ), highlighting the great long-term stability of NiO@Ni/WS 2 /CC. After the cycling test, the morphology of the nanosheet array is well-maintained ( Figure S10) . Furthermore, the surface composition of the electrode that underwent stability test is further analyzed by XPS ( Figure  S11 ), and the characteristic peaks of W 4f and S 2s for NiO@ Ni/WS 2 /CC are well-preserved. Because of the surface oxides thicken in strongly alkaline conditions, the characteristic peak at 852.7 eV in Ni 2p region for metallic Ni disappeared after 1000 cycles. However, the detailed analysis by XANES and EXAFS demonstrates that the metallic Ni (8335 eV) is still present after 10 h HER testing, and another peak at 8354 eV can be attributed to some kind of Ni oxide ( Figure S12 ). 39, 49 It is reported that the increasing surface area of catalyst may improve electrochemical activity. 50 The nanosheet array of WS 2 provides a 3D scaffold to support NiO and Ni catalysts and further promote the exposure of active sites. To estimate the electrochemically active surface areas (EASA) of NiO@Ni/ WS 2 /CC, WS 2 /CC, and NiO@Ni/CC, the electrochemical double-layer capacitance (C dl ) is measured through collected CVs ( Figure S13) . The values of C dl for NiO@Ni/WS 2 /CC, WS 2 /CC, and NiO@Ni/CC are 73, 34, and 10 mF cm −2 , respectively, indicating that NiO@Ni/WS 2 /CC possesses a large EASA and higher surface roughness, which is favorable for the superior electrochemical activity.
We then investigated the OER activity of NiO@Ni/WS 2 / CC, commercial RuO 2 deposited on CC (RuO 2 /CC) and NiO@Ni/CC in 1.0 M KOH. RuO 2 /CC needs 380 mV to achieve current density of 50 mA cm −2 ( Figure 5A) ; however, the NiO@Ni/WS 2 /CC has an even better performance with an overpotential of 347 mV to reach 50 mA cm −2 , which is superior to most reported OER catalysts in alkaline media (Table S3) , and NiO@Ni/CC exhibits inferior OER activity. The oxidation peak at 1.4 V can be ascribed to the redox reaction of Ni and NiO. 51 The corresponding Tafel slope of NiO@Ni/WS 2 /CC, RuO 2 /CC, and NiO@Ni/CC are 108.9, 102, and 225.2 mV dec −1 ( Figure 5B ), respectively, indicating favorable reaction kinetics for NiO@Ni/WS 2 /CC. The NiO@ Ni/WS 2 /CC electrode also displays long-term electrochemical durability ( Figure 5C) ; it can maintain 50 mA cm −2 for no less than 40 h. SEM, XPS, XANES, and EXAFS were used to analyze the morphology and element changes after OER testing. As can be seen from the results, the morphology of NiO@Ni/WS 2 /CC is well preserved (Figure S14 ), and the characteristic peak at 852.7 eV in the Ni 2p region also disappeared due to the surface oxides thickening in strongly alkaline condition ( Figure S15 ). The peaks at 8351 and 8365 eV in XANES spectrum of NiO@Ni/WS 2 /CC under constant current OER test for 10 h indicate the formation of β-Ni(OH) 2 . 39, 43 The peaks at 1.6 and 2.7 Å are attributed to the Ni−O and Ni−Ni interactions, respectively ( Figure S16 ).
In order to further approach the practical application, we fabricate an electrolyzer which using NiO@Ni/WS 2 /CC as both anode and cathode (NiO@Ni/WS 2 /CC∥NiO@Ni/WS 2 / CC). As shown in Figure 5D , RuO 2 /CC∥Pt/C/CC needs 1.53 V to attain 10 mA cm −2 , and NiO@Ni/CC∥NiO@Ni/CC displays inferior performance among them. Surprisingly, NiO@ Ni/WS 2 /CC∥NiO@Ni/WS 2 /CC exhibits high performance that can achieve 10 mA cm −2 at a cell voltage of 1.42 V, which is the best performance of two-electrode setup at present as far as we know (Table S4) . Notably, this two-electrode setup can maintain 10 mA cm −2 more than 25 h ( Figure S17 ), indicating the outstanding electrochemical stability during the overall water splitting.
As described above, the NiO@Ni/WS 2 /CC is a near-perfect electrocatalyst for water splitting, and the HER process could be described by Volmer−Tafel and Volmer−Heyrovsky pathways in alkaline media. 52, 53 43 In detail, the OH − can preferentially attach to the NiO sites at the interface due to the localized positively charged Ni 2+ and more unfilled d-orbitals in Ni 2+ than that in Ni metal; meanwhile, the nearby Ni sites will promote H-adsorption and thus promote the Volmer method, imparting synergistic catalytic activity to NiO@Ni, and Ni should promote HER, while NiO should favor OER. 39 CC and metal Ni have very good electrical conductivity, which are very beneficial to the electrocatalytic reaction of the electrode. On the other hand, several recent reports have speculated that the unsaturated sulfur atoms could be related to the HER activity; besides, the modified WS 2 could provide a larger contact area for the HER reaction. 54 More importantly, it can stabilize the NiO@Ni and then steady the whole structure of NiO@Ni/ WS 2 /CC, so the synergies between various composites make it a highly active bifunctional electrocatalyst.
■ CONCLUSIONS
We innovatively synthesized a WS 2 /CC nanosheet array and then decorated NiO@Ni on the surface to obtain NiO@Ni/ WS 2 /CC. This new composite not only inherits the advantages of each components, but also makes up for the shortcomings of NiO@Ni and WS 2 ; both HER and OER performance and durability are significantly improvement compared with the pure NiO@Ni/CC and WS 2 /CC. As an HER catalyst, its performance is very close to that of Pt/C and superior to the reported non-noble metal electrocatalysts at present. The OER performance is also better than that of commercial RuO 2 , thereby making it possible to construct a stable two-electrode alkaline water electrolysis cell with a 10 mA cm −2 at a cell voltage of 1.42 V. The high activity of NiO@Ni/WS 2 /CC is attributed to the unique nanosheet array structure and electrocatalytic synergetic effects generated by contacting regions between NiO, Ni, and WS 2 . This work may open up a new way to prepare highly active bifunctional catalysts to replace noble metal-based catalysts for water splitting devices. 
